BRUSHLESS ELECTRO-MECHANICAL DEVICE 



BACKGROUND OF THE INVENTION 
5 The following invention relates to a brushless electromechanical machine for converting 

electrical energy into mechanical motion and vice-versa. More specifically, the invention 
relates to an electric motor/generator having self-starting capabilities, high torque and increased 
efficiency: 

Electric motors employing brushes are characterized by low efficiency and require 
10 elaborate starter mechanisms. Recently, a type of brushless motor has been developed which 
employs an electromagnet having a stator comprised of a plurality of toroidal pole pieces. The 
pole pieces each have a narrow gap to permit the passage of a disk shaped rotor. The rotor 
includes a plurality of permanent magnet members spaced about the periphery of the disk. As 
the permanent magnet members pass through the gap in the stator poles, the magnetic circuit is 
15 completed. With appropriate switching circuitry, this combination can be made to function as a 
brushless electric motor. An example of such construction is shown in the Porter U.S. Pat. No. 
5,179,307. 

In the Porter motor, the permanent magnets on the rotor are widely spaced apart. The 
rotor is a disk having permanent magnet members situated about its periphery and spaced 

20 36.degree. apart. The driving circuitry is triggered by combinations of light emitting diodes and 
photosensitive transistors arranged on opposite sides of the rotor disk. Apertures in the rotor 
disk permit light from and LED to fall on a photosensitive transistor at appropriate points in the 
rotation of the rotor disk. This causes the driving current to cause current to flow in the coil. 
A problem with the motor of the '307 patent is that the permanent magnets are spaced 

25 too far apart about the periphery of the rotor disk for the machine to operate efficiently. This 
wide spacing of permanent magnet members would require a large mass rotor operating as a 
flywheel with enough energy stored in the rotor to provide considerable rotational momentum. 
A large mass rotor, however, would be impossible to start without some type of auxiliary 
starter mechanism. Additionally, this motor cannot easily reverse its direction. 
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BRIEF SUMMARY OF THE INVENTION 

The present invention provides a construction for an electromotive machine which can 
be either an electric motor or a generator. The electromotive machine includes a stator element 
and a rotor element where the stator element includes at least one set of four toroidally shaped 
5 electromagnetic members where the electromagnetic members are arranged spaced apart along 
an arc to define a stator arc length. Each of the electromagnetic members includes a slot and a 
rotor element comprising a disk adapted to pass through the aligned slots of the electromagnetic 
members. The rotor contains a plurality of permanent magnet members spaced side-by-side 
about a periphery of the disk and arranged so as to have alternating north/south polarities. The 
10 permanent magnet members are sized and spaced such that within the stator arc length, the ratio 
of stator members to permanent magnet members is about 4 to 6. 

Although the electromotive machine of the invention will work with one set of four 
toroidal electromagnets, a second set may be positioned symmetrically along a circular arc 
defined by the first set. Additional sets of four toroidal electromagnetic members may be used 
15 if desired. 

The machine includes at least one motor drive electronics module for energizing the 
toroidal electromagnetic members with current according to a predetermined sequence. The 
sequence is triggered by Hall effect sensors placed adjacent the electromagnetic members along 
the arc. The Hall effect sensors sense changes in the magnetic field and provides trigger signals 

20 to the electronics module so that the electronics module can energize the electromagnetic 
members in a predetermined sequence. Since the ratio of electromagnet stator members to 
permanent magnets on the outer periphery of the disk is about 4 to 6, the toroidal 
electromagnets are operated in push-pull fashion in which switching occurs when a pair of 
magnets passes the centerline of an electromagnetic member. 

25 The machine may also be operated in reverse as a generator using the rotor as a 

mechanical input device. In this configuration current induced in the coils by the turning of the 
rotor charges a battery. In an automobile, for example, the machine may operate first as a 
starter motor and then switch over to an alternator. 

Also in accordance with preferred embodiments of the present invention, the ratio of 

30 permanent magnets is not limited to 3:2 but is extended to N+l :N, where N is the number of 
electrical phases, as will be described more fully hereinafter. 
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The foregoing and other objectives, features, and advantages of the invention will be 
more readily understood upon consideration of the following detailed description of the 
invention, taken in conjunction with the accompanying drawings. 
BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 
5 FIG. 1 is a perspective schematic view of the electromechanical machine of the present 

invention. 

FIG. 2 is a top view of the electromechanical machine of the present invention 
employing two sets of electromagnetic members. 

FIG/2 A is a side cutaway view of FIG. 2 taken along line 2-2. 
10 FIG. 3 is a schematic diagram of a drive module for use when the electromechanical 

machine is being used as an electric motor. 

FIG. 4 is a schematic diagram of a Hall effect sensor used in connection with the 
electronic drive module of FIG. 3. 

FIG. 5 is a partial plan schematic view of the electromechanical machine of FIG. 1. 
15 FIG. 6 is a timing diagram illustrating the switching characteristics of the electronic 

drive module of FIG. 3. 

FIG. 7 is a partial perspective view of the electromechanical machine of the present 
invention configured as a linear actuator. 

FIGS. 8A-8D represents a schematic view of the toroidal electromagnetic members and 
20 the permanent magnet members illustrating the four-phase switching characteristics of the 
electronics driver module of FIG. 3 . 

FIG. 9 is a partial top view of an electromotive machine of the invention. 

FIG. 10 is a schematic diagram of a circuit employing the invention as a combination 
starter motor and alternator. 
25 FIGS. 1 1A-1 1G illustrate aspects of three or other poly-phase alternative preferred 

embodiments of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

An electromechanical machine 10 is shown schematically in FIG. 1. The machine 10 
includes a plurality of toroidally shaped electromagnets 12. There are four such electromagnets 
30 12a, 12b, 12c and 12d. The electromagnets 12a-d are arranged along an arc having a 

predetermined length. Each of the electromagnets is toroidally shaped and each has a gap 14 
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(refer to FIG. 2 A). The gaps 14 are aligned which permits the outer edge of a wheel or disk 16 
to pass through them. The disk 16 has an output shaft 18 which may be coupled to any suitable 
device such as a fan or a tub for a washing machine (not shown). The output shaft could also be 
coupled to some source of rotational energy such as a drive shaft. In this configuration, the 
5 motor is initially used as a starter motor and then switches into a generator or alternator mode. 
The disk includes a plurality of permanent magnet members 13a, 13b which are 
arranged in alternate north-south polarity. The magnets 13a, b are sized and spaced so that 
within the stator arc length the ratio of toroid electromagnets 12a-d to permanent magnets 13a, 
b is always about 4 to 6. The permanent magnets are closely spaced, having spaces between 
10 each adjacent magnet that does not exceed 10% of the diameter of the uniformly sizes magnets 
13a, b. 

Referring to FIG. 2, if desired, two groups of electromagnet members 20 and 22, 
respectively, may be used. Each of the sets 20 and 22 contains at least four (4) toroidal * 
electromagnet members 22a-d and 20a-d respectively. Further, if desired, more sets of 

1 5 electromagnet members may be used depending upon the type of application desired. Each of 
the electromagnetic members in a set contains a slot and the slots are aligned along an arc 
allowing the flywheel 24 to pass through the slots. As in the example of FIG. 1, the flywheel 24 
includes a plurality of permanent magnet members 26 having alternating north-south polarities 
about the periphery of the flywheel 24 that are in all respects the same as magnets 13a, 13b. 

20 The electromechanical machine of the present invention may be configured to operate 

either as a motor or as a generator. For example, when acting as a motor or a motor/starter, the 
electromagnets 12a-d are electronically switched in polarity to attract and then repel the 
appropriate permanent magnets 13a, b in the flywheel. This applies a rotational force to the 
flywheel and spins the output shaft 18. Since there are no mechanical gears needed, the starting 

25 action is silent. Conventional automotive starter motors, however, are noisy. Once the engine is 
running, the machine can be converted to a generator by decoupling the driving electronics 
module. The permanent magnets 13a, b moving past the electromagnets 12a-d with the driving 
circuitry now switched off can be used to generate electrical power. 

Toroidal cores are used for the electromagnets in this machine since they are the most 

30 efficient transformer core configuration. Toroidal electromagnets are self-shielding since most 
of the flux lines are contained within the core. In addition, the flux lines are essentially uniform 
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over the entire length of the magnetic path. The slot 14 that is formed in each of the toroidal 
electromagnetic members would normally cause a decrease in flux density. However, the action 
of the moving permanent magnet members keeps the gap filled with permanent magnet 
material and thus maintains the field integrity within the core. 
5 Referring to FIG. 3, a pair of integrated circuits IC1 and IC2 are coupled to two 

electromagnet members consisting of electromagnets 12a and 12c. It will be appreciated that an 
identical electronics module would be used to drive electromagnets 12b and 12d. The ICs, IC1 
and IC2, have output gates coupled to transistors Ql, Q2, Q3 and Q4 respectively. IC1 and IC2 
are half bridge MOSFET drivers which are triggered by Hall effect sensor ICS, (refer to FIG; 

10 4). The Hall effect sensor IC5 has its outputs coupled to the inputs of IC1 and IC2, respectively. 
Output line ICS, pin 2 is coupled to the input line at pin 2 of IC1. Similarly, output line IC5, pin 
3 is coupled to input line 2 of IC2. There is another Hall effect sensor (not shown) for 
electromagnets 12b and 12d which operates the same way but which is positioned so as to 
generate its signal at a phase angle which lags the signal from ICS. The result is that 

15 electromagnetic member pairs are energized 180. degree, out of phase with each other. This is 
illustrated by the timing diagram of FIG. 6. 

FIG. 6 shows a four-phase timing diagram that repeats for every lO.degree. of rotation 
of the rotor 16. The magnets 13a, b are spaced lO.degree. apart while the electromagnetic 
members 12a-d are spaced 15. degree, apart. The timing relationship between the magnets and 

20 the coils is shown best in FIGS. 8A-8D. As will be appreciated by those of skill in the art, the 
illustrated relationship defines four repeating commutation intervals. 

The arrows in FIG. 8 for each phase indicate the lines of attraction and/or repulsion 
between the permanent magnets and the coils based upon the polarity of the energizing current 
from the driver module pairs of ICs of FIG. 3. FIG. 8 illustrates schematically the waveform of 

25 FIG. 6. IC1 and IC2 generate driver currents 180.degree. out of phase so that when coil 12a is 
high, 12c is low and vice versa. Another driver module pair of ICs (not shown) does the same 
thing with coils 12b, 12d but out of phase with respect to toroidal coils 12a, 12c by 5. degree.. 
The Hall sensors are placed along the stator in advance of the rotor and are spaced apart by 
5. degree, in order to trigger their respective ICs at a phase angle difference of 5. degree.. The 

30 result is a very smooth rotor drive made possible by the sizing and spacing of the magnets so 
that the ratio of coils to magnets within the arc length of the electromagnet members 12a-12d is 
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always 4 to 6. Thus, a pair of alternate north-south pole magnets are experiencing opposite 
polarity fields when they are centered within the gaps of alternate electromagnets 12a, 12c, 
while north-south pairs of magnets, each halfway within the slots of the other pair of 
electromagnets 12b, 12d, are experiencing the switching of the polarity of current through those 
5 electromagnets 12b, d. 

Referring to FIG. 7 the machine of the present invention may be operated as a linear 
actuator. In this embodiment the magnets may be of a rectangular shape. In this case, the stator 
arc length is measured along a straight line and it should be understood that the term stator arc 
length need have no particular shape as it may be used with stator/rotor configurations of 

10 differing types. In addition, the magnets need have no particular shape to be effective. As long 
as the ratio of electromagnetic members to permanent magnets is about 4 to 6 within the arc 
length occupied by the stator coils, the invention will operate as desired. 

Referring to FIG. 9, the Hall sensors IC5 and IC6 are spaced apart by 5. degree, radially 
so that trigger signals will be generated in the proper phase with each other. The Hall sensors 

15 are affixed to a stator housing (not shown). It can be appreciated from FIG. 9 that the term 

"stator arc length" includes an arc that is slightly longer than the length between each end of the 
4 electromagnets 12a-d and includes areas where the fields generated by those electromagnetic 
members influence the permanent magnets 13a, b. In FIG. 9, this area is indicated by the 
dashed lines. Although the arc in FIG. 9 has been shown as substantially a straight line, it is to 

20 be understood that it may represent either a linear device or a circular arc. 

Referring to FIG. 10, a rotor or flywheel 50 is coupled to a shaft 52 which may in turn 
be coupled to the drivetrain of an automobile (not shown). Permanent magnets 54a (North 
polarity) and 54b (South polarity) are situated about the periphery of the rotor 50. A stator 
module 56 is situated adjacent the rotor 50 and includes a set of four toroidal electromagnetic 

25 members having substantially the same configuration as shown in FIG. 1. A switching module 
58 switches between a circuit that accepts an input from a motor drive module 60 and one that 
provides an output to a rectifier and regulator module 62. The regulator module 62 charges a 
battery 64. 

Signals on input lines labeled "start" and "run" respectively control the function of the 
30 switching module 58. In the start mode a circuit like the circuit of FIG. 3 is turned on in the 
switching module. Once the motor (not shown) has been turned on, a signal is provided to the 
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"run" line turning off the circuit of FIG. 3 and allowing current from the stator module 56 to 
flow directly to the rectifier and regulator module 62. 

While much of the foregoing description was based on an exemplary two-phase 
embodiment of a self-starting electromotor-type machine, alternative preferred embodiments of 
5 the present invention are based on three-phase or poly-phase principles. Additional description 
of such poly-phase embodiments will now be described. 

Two-phase embodiments, such as previously described, are desirable in many 
applications in terms of cost, performance, efficiency, etc., but a magnet spacing/electromagnet 
spacing in the ratio of 4 to 6 (or 2 to 3) tends to produce an angular dependent rotational torque 

10 (or linear force if a linear motor) that varies with the angle (or displacement). This torque (or 
force) is produced by the attraction or repulsion of the magnetic fields of the magnets and 
electromagnets and repetitively goes through zero torque (or force) for each 
magnet/electromagnet pair. The timing of such previously-described embodiments is 
controlled or determined by the 4 to 6 (2 to 3) ratio of the magnet spacing/electromagnet 

15 spacing (i.e., e.g., 10 degrees and 15 degrees (2 to 3)). The resulting torque (force) of the 
combined magnet/electromagnet pairs in a system timed as shown in FIGS. 5 and 6 will at 
times have two magnet/electromagnet pairs producing torque (force) while two go through zero 
torque (force). As the motor rotates the torque generally is produced in two phase pairs. A 
phase pair includes forces in the same direction but produced by opposite polarity of magnetic 

20 fields. However, the forces in the phase pairs occur in phase with themselves (zero lead or lag), 
' and thus in such embodiments a two phase torque (force) is produced. 

In alternative preferred embodiments, for example, a three-phase or poly-phase 
arrangement is utilized. As an exemplary additional embodiment, an arrangement of magnet 
spacing/electromagnet spacing in the ratio of 3 to 4 (i.e., e.g., 10 degrees and 13 l A degrees) is 

25 utilized. The forces from magnet/electromagnet couples are arranged so that while one couple 
goes through a zero, the other two continue to produce force. FIGS. 1 1 A and 1 IB illustrate an 
exemplary magnet/electromagnet configuration and waveform timing diagram, respectively, for 
such an alternative embodiment. 

In the embodiment of FIG. 1 1A, the basic set of electromagnets, which as in previously 

30 disclosed embodiments may be arranged to have multiple sets, consists of three electromagnets, 
herein referred to as A, B and C. FIG. 1 IB includes waveforms for coil A, coil B and coil C of 
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the three electromagnets of the set. In accordance with such embodiments, the preferred phase 
shift from one coil to the other would be 60 degrees of the minor cycle rather than 90 degrees. 
The minor cycle is defined to be the duration of movement necessary to cause a north/south 
magnet pair to cross the axis of a fixed electromagnet. In the previously described two-phase 
5 embodiments, this would repeat 18 times per revolution for a rotating motor. In accordance 
with an alternative preferred three-phase embodiment, for every four magnet spacing set there 
would be three electromagnet spacings. Preferably, the timing of the three-to-four 
configuration would be controlled in the same manner as for the two-to-three configuration; 
where the 2:3 configuration has two preferably identical circuits as illustrated in FIGS. 3 and 4, 

10 the 3:4 configuration preferably has three identical circuits. Where the 2:3 configuration spaces 
the two Hall effect sensors (shown electrically in FIG. 4) such that transition events occur five 
degrees apart, the 3:4 configuration preferably spaces three of them such that transition event 
occur three and one-half degrees apart. 

In accordance with such 3:4 embodiments of the present invention, reduced torque 

1 5 ripple tends to be produced (the discussion herein is without being bound by theory). In the 
minimal arrangement, the 4:6 (2:3) configuration tends to produce two force timings that are 
optimally phased one quarter period apart. Generally, there is a point in time when half of 
these timings change phase and are not appreciably contributing to torque immediately before 
and after this event. The 3:4 configuration of preferred embodiments, however, has been 

20 determined to produce force timings that are more optimally spaced one-sixth period apart and 
each of the phases also goes through zero; however, while one goes through zero, the two 
others are producing a force. The resulting summation of forces contains less ripple due to the 
more closely spaced force maximums and because the minimum forces are higher due to the 
fact that two are always applying a force. 

25 In accordance with such embodiments, the advantages can also be obtained with a 4:5 

arrangement and so on. In accordance with such embodiments, the number of phases maybe 
optimized for the particular application. Let N represent the number of phases; in accordance 
with such embodiments, the ratio of permanent magnets to coils is N+l to N; thus, for a two- 
phase embodiment, the ratio of permanent magnets to coils is 3:2; for a three-phase 

30 embodiment, the ratio of permanent magnets to coils is 4:3; for a four-phase embodiment, the 
ratio of permanent magnets to coils is 5:4; for a five-phase embodiment, the ratio of permanent 
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magnets to coils is 6:5; for a six -phase embodiment, the ratio of permanent magnets to coils is 
7:6, and so on. In accordance with alternative preferred embodiments, the number of phases is 
controlled/determined to be less than ten, or alternatively less than eight, or alternatively less 
than six, or alternatively four or less. Also, as will be appreciated by those of skill in the art 
5 based on the teachings herein, a ratio of 3:2 encompasses 6:4, 9:6, 12:8, 15:10, etc. (i.e., 3x:2x, 
where x is an integer), a ratio of 4:3 encompasses 8:6, 12:9, 16:12, 20:15, etc. (i.e., 4x:3x, 
where x is an integer), aratio of 5:4 encompasses 10:8, 15:12, 20:16, 25:20, etc. (i.e., 5x:4x, 
where x is an integer); more generally, in accordance with such embodiments, based on the 
desired degree of torque, torque ripple, and other cost/performance considerations, the ratio of 
10 permanent magnets to coils is controlled/determined to be Nx:(N-l)x, where x is an integer, 
etc. 

FIGS. 12A-12G illustrate additional aspects of a 4:3 configuration, three phase 
preferred embodiment of the present invention. In accordance with FIG. 12 A, an exemplary 
three-phase voltage waveform and associate +/- force table are illustrated, based on an 

15 exemplary approximately 1 1.25 degree spacing between magnets and 3.75 degrees/phase. As 
illustrated, the A, B, C voltage polarities/permanent magnet configuration can be arranged so 
that two phases are substantially producing torque in each phase timing. FIG. 12B illustrates 
exemplary three-phase control electronics from a three phase motor control module, while FIG. 
12C illustrates a plurality of A, B and C phase electromagnet coils connected in series. FIGS. 

20 12D and 12E illustrate in greater detail a three embodiment based on a three phase delta 

electrical connection; in the illustrated embodiment, 24 electromagnets (i.e., eight modules, 
three coils per module) are substantially uniformly arranged around the circumference of the 
rotating disk, with 32 permanent magnets on the disk, not expressly shown in FIG. 12E. FIGS. 
12F and 12G illustrate in greater detail a three embodiment based on a three phase Y electrical 

25 connection; in the illustrated embodiment, 24 electromagnets (i.e., eight modules, three coils 
per module) are substantially uniformly arranged around the circumference of the rotating disk, 
with 32 permanent magnets on the disk, not expressly shown in FIG. 12G. 

Also in accordance with additional preferred embodiments, improved torque 
performance is achieved by non-uniform coil-phase pairings. For example, for the 3:2/6:4 type 

30 configuration, in accordance with such additional embodiments two or more coil-phase pairs 
are shifted in phase so that the maximum forces of one pair are coincident in time with the pair 
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producing minimum force. Similarly, in yet other alternative preferred embodiments, such 
coil-phase shifting is applied to the N+l :N polyphase configurations to provide yet further 
improved torque characteristics. 

In yet other preferred embodiments, electrical timing optimizations are applied to 
5 provide further improvements in performance. As will be appreciated, the motor architecture 
in accordance with preferred embodiments of the present invention typically is implemented 
with higher pole counts than conventional motors. In accordance with the present invention, a 
motor revolution may see 18 or more pole pairs pass an electromagnet face. For purposes of 
this discussion, a cycle is considered to be the complete passing of a pole pair past one of these 

10 faces. The point in this cycle where the electromagnets are turned on to produce a north pole or 
a south pole must be precisely controlled in order to produce optimal performance. For angular 
velocities where the time for a cycle is significantly long with respect to the electrical time 
constant of the electromagnet (e.g., about four or more), the point in time where the polarity is 
optimally changed is when the center of a permanent magnet coincides axially with the center 

15 of an electromagnet face. For higher angular velocities, however, it has been determined that 
performance is improved by advancing the polarity switch point in time. In accordance with 
exemplary preferred embodiments, an advance on the order of around 10% of the cycle time 
(i.e., e.g., 2 degrees of revolution for an 18 pole motor) produce more optimal performance 
when this cycle time reduces to about 60% of the electrical time constant of the electromagnet. 

20 More generally, in accordance with such embodiments, the N-phase electrical excitation is 
phase advanced based on the angular velocity of the motor depending upon the electrical time 
constant of the electromagnets. 

In yet other alternative embodiments, "dead time" preferably is inserted in the electrical 
excitation. In accordance with the present invention, the forces produced by the repulsion 

25 fc and/or attraction of the electromagnet/permanent magnet pairs are more effective at certain 
angular relationships between these pairs. Little is gained when the force vector is very close 
to the magnet axis, but the gain increases rapidly as the angle between the torque vector and the 
magnet axis increases. The energy cost of the torque vector, however, remains essentially fixed 
regardless of the angle it is operating over. By turning off the current to the electromagnet 

30 during a time when the above angle is small, it has been determined that little penalty is pain in 
reduced torque, while a proportionally larger gain is achieved in reduced energy input. In 
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accordance with such embodiments, the overall efficiency is improved by such selection 
current switch-off to the electromagnets. Such "dead time" insertion generally may be applied 
in the general N+1:N configuration. 

The terms and expressions which have been employed in the foregoing specification are 
5 used therein as terms of description and not of limitation, and there is no intention, in the use of 
such terms and expressions, of excluding equivalents of the features shown and described or 
portions thereof, it being recognized that the scope of the invention is defined and limited only 
by the claims which follow. 

As will be understood by a person of ordinary skill in the present art, the examples 
10 discussed here are representative of the full spirit and scope of the present invention. 

Additional variations, some of which are described here, incorporate many aspects of the 
present invention. 

Although the invention has been described in conjunction with specific preferred and 
other embodiments, it is evident that many substitutions, alternatives and variations will be 

15 apparent to those skilled in the art in light of the foregoing description. Accordingly, the 

invention is intended to embrace all of the alternatives and variations that fall within the spirit 
and scope of the appended claims. For example, it should be understood that, in accordance 
with the various alternative embodiments described herein, various systems, and uses and 
methods based on such systems, may be obtained. The various refinements and alternative and 

20 additional features also described may be combined to provide additional advantageous 

combinations and the like in accordance with the present invention. Also as will be understood 
by those skilled in the art based on the foregoing description, various aspects of the preferred 
embodiments may be used in various subcombinations to achieve at least certain of the benefits 
and attributes described herein, and such subcombinations also are within the scope of the 

25 present invention. All such refinements, enhancements and further uses of the present invention 
are within the scope of the present invention. 
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